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Abstract The fatigue life of numerous aerospace, locomotive, automotive and biomedical structures
may go beyond 108 cycles. Determination of long life fatigue behavior becomes extremely important
for better understanding and design of the components and structures. Initially, before the invention
of ultrasonic fatigue testing, most of the engineering materials were supposed to exhibit fatigue life up
to 107 cycles or less. This paper reviews current understanding of some fundamental aspects on the
development of accelerated fatigue testing method and its application in ultra-high cycle fatigue, crack
initiation and growth mechanisms of internal fracture, S–N diagram, fatigue limit and life prediction,
etc. c© 2012 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1203102]
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I. INTRODUCTION
The fatigue crack initiation and growth in metallic
materials is now well-understood. Fatigue cracks initi-
ate at stress concentrating features within a structure.
An area of fatigue assessment poorly-understood, how-
ever, is how cracks are initiated in the areas of fairly
minor damage such as inclusion or internal damages.
These defects decrease the fatigue strength of the ma-
terial although the cracks are initiated from the surface
in high cycle fatigue and from the subsurface defects in
very high cycle fatigue.
The fatigue life of numerous aerospace, locomotive,
automotive and biomedical structures may go beyond
108 cycles.1–10 Determination of long life fatigue be-
havior becomes extremely important for better under-
standing and design of the components and structures.
There is a growing interest in the investigation of very
high cycle fatigue behavior (107–1010 cycles) and very
low crack growth rates (10−12–10−9 m/cycle) in var-
ious materials.1 This is called very high cycle fatigue
(VHCF).
Ultra-high cycle fatigue has assumed great signiﬁ-
cance in recent years particularly after it has been es-
tablished that a fatigue limit does not exist in many
cases. However, the current fatigue code design curves
are developed on the basis of data for fatigue life of
less than 106–107 cycles, far below the 109–1012 cycles
experienced in the industries which require super-long
service life. Most engineering designs have hitherto been
based on the assumption that ferrous materials exhibit
a fatigue limit and for any cyclic stress below this value
and they are unaﬀected and endure inﬁnite life. Recent
studies11–15 however point out the fact that most ma-
terials including ferrous alloys experience failure up to
109 cycles and above, and this phenomenon of ultra-high
cycle fatigue is a result of subsurface or internal crack
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initiation, at the defect sites in materials. Hence, there
is a growing understanding that a safe-life design based
on the inﬁnite-life criterion does not exist anymore, at
least for some materials. These materials exhibit a con-
tinuously decreasing stress – life response, even at a
great number of cycles (106–109). Hence for these ma-
terials, the fatigue strength at a given number of cycles
is an important term instead of endurance limit.
The very high cycle fatigue behavior of the materi-
als is studied through state of the art, recently devel-
oped ultrasonic piezoelectric fatigue test machine. In
ultrasonic fatigue testing the frequency can go up to
20 kHz. The experiments are inexpensive and do not re-
quire much time as the traditional 100 Hz testing. The
S–N curves obtained for diﬀerent materials tested up
to 108–1010 cycles exhibit stepwise shapes. The fracture
mode changes from surface to subsurface initiation site
and the step shows the change in fracture mode.1–5 The
inclusions present in all commercial materials as a result
of deoxidation additions, impurities or entrained exoge-
nous material.5 Inclusions are common sites for fatigue
crack nucleation and are known to be particularly dele-
terious in high strength steels. However, there are more
and more data which show that fatigue cracks initiate
from the subsurface of the specimen when the cyclic
lives are higher (or at a lower stress level). Subsurface
crack initiation is a microstructure-related phenomenon
and the initiation sites are usually associated with in-
terior defects in material such as inclusions, pits, pores,
etc. In this paper, a review of the progress made so
far, towards the explanation of the mechanisms of fa-
tigue crack growth behavior in ultra-high cycle fatigue
of metallic materials, is presented.
II. ULTRA-HIGH CYCLE FATIGUE TESTING
High cycle fatigue life of the metals is represented
in the form of S–N curves which shows the data up to
107 cycles. The limitation up to 107 cycle data is due
to the reason that conventional electrohydraulic pistons
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Fig. 1. A typical ultra-high cycle fatigue testing machine.3
cannot provide fatigue loads to specimens at frequen-
cies above approximately 100 Hz. Owing to the time
and cost constraints, the fatigue testing more than 107
cycles to check structural materials is not a standard
practice. However, it has been observed in many cases
that most materials including ferrous alloys experienced
failure up to 109 cycles. Hence, accelerated testing of
specimens is considered by using high-frequency cyclic
loading to test materials up to 1010 cycles to observe the
fatigue life. The ultrasonic fatigue technique is getting
popular which generate ultra-high cycle fatigue data in
a shorter period of time. The ultrasonic fatigue tech-
nique provides one practical means of generating very
high cycle fatigue data. The machine can be driven
at 20 kHz and the operation is simple, especially with
respect to changing test pieces. The test piece is sim-
ply screwed to the edge of the horn. The frequency
of 20 kHz and the simple operation greatly shorten the
time required for fatigue testing. Figure 1 shows an ul-
trasonic fatigue testing machine. A 102 to 103 times
testing time compression can be obtained with ultra-
sonic fatigue. For example, a gigacycle (109) test would
require more than 1.6 a with a traditional 20 Hz servo-
hydraulic testing machine. The same test takes only
14 h with ultrasonic fatigue machine of 20 kHz. The
only disadvantage of the 20 kHz test is the increasing
temperature in the test pieces, which sometimes occurs
in the high-stress-level regions.
III. CHARACTERISTICS OF S–N CURVES IN VHCF
For steel and its alloys, it is generally considered
that the fatigue S–N curve becomes horizontal after
107 cycles. However, for non-ferrous and other mate-
rials, a continuously decreasing S–N curve is obtained
even up to 1010 cycles. The S–N curves of these mate-
rials exhibit two groups of failure data, one before 107
cycles corresponding to surface fatigue fracture origin,
and another after 107 cycles corresponding to subsur-
face fatigue crack initiation. A signiﬁcant change in
the slope of S–N curve is observed, accompanying the
transition from surface to subsurface crack initiation.
A surface – subsurface transition in crack initiation lo-
cation is described for the high strength steels. It is
revealed that the initiation site shifts from the surface
to the subsurface at a deﬁnite lower stress range and the
Fig. 2. S–N characteristics of SUJ2 steel in rotating bend-
ing at 52.5 Hz.2
Fig. 3. S–N characteristics of Al alloys in ultrasonic fatigue
at 20 kHz.28
subsurface crack initiation is dominant in the long-life
range.5 Figures 2 and 3 show some typical ultra-high
cycle fatigue data between 105 and 1010 cycles obtained
from ultrasonic fatigue machine at 20 kHz for steel and
Al alloys, respectively. It is observed that failure could
occur beyond 108 cycles and a fatigue limit could not
be obtained until 109 cycles. Hence, it is important to
be able to assess the fatigue failure mechanism beyond
107 cycles.
IV. MECHANISM OF ULTRA-HIGH CYCLE FATIGUE
The nonmetallic inclusions are usually present in
all commercial materials as a result of the making pro-
cess. These inclusions act as potential sites for fatigue
crack nucleation and dictate the fatigue lives of these
materials. One interesting aspect is the surface inclu-
sions along with defects promote the fatigue crack initi-
ation from the surface of the specimen in the high cycle
regime. However, for very high cycle fatigue, the defects
located within the specimen become favorable sites for
crack initiation.1–5 In almost all materials, the fracture
surfaces reveal a clear ﬁsh eye region with an inclusion
at the center of ﬁsh eye as shown in Fig. 4. The ﬁsh eye
region is described as a circular pattern that develops
on the fracture surface during internally initiated fa-
tigue failures.6–13 The area around the inclusion reveals
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Fig. 4. Fracture surface of an authentic steel sample. The
sample was fatigued up to 3.74 × 1010 cycles at 600 ◦C,
and the crack was initiated from an inclusion of diameter
40 μm.11
ﬁne granular morphology which is called ﬁne granular
area (FGA).
The occurrence of internal cracking has been clearly
observed in many materials containing inclusions and
defects. Subsurface crack initiation has been reported by
Murakami5 for Cr–Mo steel under tension–compression
fatigue at 30–100 Hz. Umezawa et al.6 studied the
high strength austenitic steels and titanium alloys at
low temperatures and found subsurface crack initiation.
Nishijima et al.7 obtained internal fatigue fracture in
low alloy steel tested at 300 ◦C–400 ◦C up to 109 cycles.
This phenomenon has also been observed in a variety of
titanium, Ni and Al alloys. Wang et al.8 studied the
fatigue lives of Al alloys and observed that the micro-
voids present in the sub-surface facet initiated the frac-
ture. Recently Pyttel et al.9 observed the fatigue fail-
ure in Cr–Mo alloy in quenched and tempered condition
and found material defects such as oxides as the regions
of fatigue crack initiation site. They assumed the in-
ternal defects and inclusions as cracks and used linear
elastic fracture mechanics to explain the crack propaga-
tion. They recommended using elastic-plastic fracture
mechanics for further improvement in explanation of fa-
tigue crack growth behavior in ultra high cycle fatigue.
Wagner et al.10 studied the very high cycle fatigue
behavior of AISI 5 120 steel and found that more than
92% of fatigue life is devoted to the initiation of crack.
Figure 5 shows the fracture surface from his work. How-
ever, the mechanism of fatigue cracking at the inclusion
sites has still not been fully understood. Cavalieri et
al.11 conducted ultrasonic fatigue testing on austenitic
steels at elevated temperature and found that the ma-
terial failed with the characteristic mechanism of very
high cycle fatigue but exhibited relatively lower fatigue
strength as compared to room temperature testing. Xi-
aohui et al.12 investigated the fatigue life of EH36 steel
and weldments. They found that in weld samples, the
crack initiates from the fusion zone and attributes the
absence of optically dark area (ODA) to the relatively
larger internal defects of welded joints as compared to
the base metal. Kazymyrovych et al.13 found, while
working on AISI H11 tool steel, the fatigue life of the
material as high as 109 load cycles. They used ﬁnite el-
ement model to study the combined eﬀect of local stress
Fig. 5. Fracture surface of AISI 5 120 steel.10
around inclusions with material damping on the fatigue
life. They found that the accuracy of the fatigue data
depends on the actual stress state.
The majority of the research carried out for the in-
vestigation of very high cycle fatigue behavior of metals
reported that the cracks initiated from inclusions and
defects. However, the thorough understanding of the
mechanism of fatigue crack initiation and propagation
is yet to be established. Murakami5 proposed the max-
imum inclusion size as the controlling factor for eval-
uating fatigue strength. However, statistics has been
used to predict the largest inclusion size and location
in the inspection volume which yields uncertainty. It
is also believed that fatigue fracture does not initiate
from inclusions below a critical size. Fukomoto et al.14
introduced the idea of the so-called zero-inclusion in
which the inclusion size was controlled to within 1 μm
by adopting better metal making practices. The idea
enhanced the fatigue life of steels to a signiﬁcant de-
gree.
For crack initiation form internal inclusions or de-
fects, it is diﬃcult to determine the number of cycles
at the initiation. To predict the number of cycles to
initiate a fatigue crack from an inclusion, several mod-
els are used. It has been observed by many researchers
that 90% of the fatigue life is devoted to the fatigue
crack initiation.10 However, exact estimation of num-
ber of cycles to failure is found as a challenging task.
It is being studied that the surface temperature of the
specimen suddenly increases with the crack initiation.
When the crack initiation occurs, the plastic deforma-
tion at the crack tip increases, and the recording of the
surface temperature of the sample during the test al-
lows to follow the crack propagation and to determine
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Fig. 6. Variation in AlSi7 Mg06 alloy sample temperature
with successive fatigue cycles. The temperature reached to
25 ◦C due to fatigue crack initiation (FCI).10
the number of cycles at the crack initiation. Wagner
et al.10 used infrared thermography method to calcu-
late the number of cycles to initiate the crack from this
method. Once the cycles required to initiate a crack
is known, the integration of Paris law2–4 will predict
the number of cycles required for crack propagation. A
typical example of work of Wagner et al.10 is shown in
Fig. 6.
Some typical subsurface crack initiations in the Cr–
Si spring steels and 42CrMo4 low alloy steels4 are shown
in Figs. 7 and 8, respectively. The stages of crack ini-
tiation, stable crack propagation, unstable crack prop-
agation, and ﬁnal failure are well deﬁned. All the sub-
surface crack initiation sites appeare ﬂat, smooth fea-
tures of facets. The fracture origin is identiﬁed by the
using of energy dispersive analysis. In the high-cycle
regime (> 107 cycles), all the initiation sites are found
at non-metallic inclusions located in the interior of the
specimen. The chemical composition of the inclusions
is mostly sulphide.
V. FATIGUE LIFE PREDICTION IN ULTRA-HIGH CYCLE
REGIME
In view of the fact that inclusions have a signiﬁ-
cant eﬀect on the super long life fatigue mechanism in
high strength steels, the need for a model is well under-
stood. Few models have been established which predict
the fatigue life of metallic materials based on the eﬀects
of inclusions, defects and inhomogeneities. A couple
of models used to predict the fatigue life are discussed
here.
A. Prediction of fatigue crack initiation life
Murakami5 developed a model to predict fatigue life
based on the area of inclusion and small defect of pro-
jected area
√
area. The fatigue limit σw was predicted
by
σw =
C(HV + 120)
(
√
area)1/6
(
1−R
2
)2
, (1)
Fig. 7. Subsurface crack initiation in Cr–Si spring steel
wires.4
Fig. 8. Subsurface crack initiation in 42CrMo4steel after
5.8× 108 cycles.4
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where C is a constant for inclusion or defect, HV is
Vickers hardness, R is stress ratio and α = 0.226 +
HV × 10−4. The model does not give any information
about the number of cycles at which is obtained.
Sakai and Harada15 proposed a three stage mecha-
nism of fatigue crack initiation from inclusions. They
observed that initially, a ﬁne granular layer formed
around inclusion. This layer turned into micro-debon-
ding and in the last stage the ﬁne granular area formed
completely around the inclusion.
Tanaka and Mura16 proposed a dislocation model
for FCI from inclusions present in homogeneous mate-
rials. A simpliﬁed form of the model is as shown below.
The cycles to crack initiation Ni is given by the expres-
sion
Ni =
AWs
(Δτ − 2τf)2 , (2)
where Ws is the speciﬁc fracture energy, Δτ is the range
of local shear stress, and τf is the friction stress that
needs to be overcome for the dislocations to move, and
A depends on the type of cracks initiated.
Chapetti et al.17 proposed the fatigue limit for ul-
tra high cycle regime based on maximum inclusion size
and recommended further experimental testing to ver-
ify the model. In a recent study by Chapetti,18 for high
strength steels, the model was modiﬁed. Mughrabi19
divided the materials in three types and explained the
behavior of fatigue crack initiation on the basis of mi-
crostructure. It was proposed that for materials with
inclusions, the ultra high cycle fatigue life is governed by
roughening. However, for materials with inclusion, the
subsurface fatigue crack initiation for which inclusion
density lies below a critical value controls the fatigue
life. For the third type of materials (e.g. multiphase
titanium alloys) where no inclusions are observed, yet
the internal fatigue failures are observed, elastic-plastic
incompatibilities of the phases are attributed for fa-
tigue failure. Yang et al.20 proposed a model for fatigue
crack initiation of high strength steels, based on Mu-
rakami’s model. The model was based on matrix hard-
ness and surface roughness the critical inclusion size of
high strength steels with matrix hardness and surface
roughness. Chen et al.21 investigated small crack be-
havior of nickel-based superalloy at room temperature
and found that the fatigue strength increases with the
increase of the frequency up to 19.5 kHz. They also
found that most of the fatigue life is consumed in nucle-
ating and propagating small cracks up to 100 mm. The
fracture mode is transformed from transgranular ductile
fracture to cleavage-dominated fracture beyond a criti-
cal stress intensity factor range. Wang et al.22 investi-
gated the eﬀect of pre-existing corrosion pits on fatigue
crack initiation on Al 7075/T6 alloy. They found that
fatigue cracks initiate from pre-existing pits followed by
two (cleavage and ductile) fracture modes during crack
growth.
B. Prediction of fatigue crack growth life
The number of cycles required for fatigue crack
growth (FCG), from the point of initiation at the in-
clusion (of critical size) up to failure, is modeled using
Paris law, as follows
d a
dN
= C(ΔK)n, (3)
where a is the crack length, N is the number of cycles,
and C and n are material properties.
Wang et al.4 proposed a model for estimation of fa-
tigue crack growth life and total fatigue life, based on
short and long crack behavior for high strength low al-
loys steels. The model was veriﬁed by Cr–Si steels and
good agreement was found between the experimental
values and the predicted values. They concluded that
more than 99% of the fatigue life of Cr–Si steels in the
super long life regime could be attributed to the process
of crack initiation. This seems to be the general obser-
vation among most researchers as it has been widely
accepted that in high cycle fatigue, almost all fatigue
life is consumed by the process of crack initiation.
Overall it can be said that crack initiation in the
ultra high cycle fatigue is yet to be understood thor-
oughly. The crack initiation in some materials are found
to be dependent on the inclusions but vary for the ma-
terials where no inclusions are found. However, to un-
derstand ultra-high cycle fatigue thoroughly, additional
work is required to examine the eﬀect of material in ho-
mogeneities and defects, and the inﬂuence of inclusion
size and distribution on ultra-high cycle fatigue.
VI. CONCLUSION
The S–N curves of many engineering alloys show
that fatigue failure can well occur beyond 106–107 cy-
cles. The fatigue curves display a plateau between 106
and 108 cycles and tend to drop down again in ultra-
high cycle regime. The horizontal behavior of S–N
curves could be falsely construed as a fatigue limit but
failure actually occurs in the ultra-high cycle regime due
to fractures initiating from internal inclusions. This ob-
servation is of great signiﬁcance in the design of high
strength alloys and structures.
VHCF involves interior crack initiation at the inclu-
sions or defects, the formation of ODA (optically dark
area), stable crack propagation leading to the ﬁsh eye
and rapid catastrophic fracture. Subsurface crack initi-
ation from nonmetallic inclusions has been observed for
range of materials tested under very high cycle fatigue
conditions. In general, the inclusions, above a critical
size, play an important role in detrimentally aﬀecting
crack initiation and fatigue life.
The very high cycle fatigue life of the materials is
mainly devoted to the fatigue crack initiation. The mea-
surement of number of cycles required to initiate a crack
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is a challenging task. At the crack initiation, the in-
creasing of the plastic deformation at the crack tip lead
to increase in surface temperature of the sample and in-
frared thermography has been used by some researchers
to calculate the number of cycles to initiate the crack.
These cycles when determined from deterministic mod-
els conﬁrmed that fatigue crack initiation governs the
mechanism of ultra-high cycle fatigue in most materials.
However, to understand ultra-high cycle fatigue better
and even be able to predict the ultra-long life character-
istics of high strength steels more accurately, the crack
initiation mechanism would have to be well understood.
Thus, additional work is required to examine the eﬀect
of material inhomogeneities and defects, and the inﬂu-
ence of inclusion size and distribution on ultra-high cy-
cle fatigue.
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